method has been employed widely to demonstrate apoptotic cells in routinely prepared paraffin sections. Because the apoptotic cells were reactive with the antibody to singlestranded DNA, we attempted to enhance the TUNEL positivity by pretreatment with single-stranded DNA digestion enzymes, S1 nuclease, and mung bean nuclease. When mung bean nuclease (5 Ul50 pllsection) was incubated at 37°C for 30 min, the TUNEL reaction was most effectively enhanced. Pretreatment with S1 nuclease (0.25 Ul50 pl/sec-&:125-132, 19%) KEY WORDS: Enhanced " E L method; Apoptosis; Single-stranded DNA; Mung bean nuclease.
Introduction
Apoptosis, a mode of energy-dependent cell death distinct from necrosis, is characterized by specific nuclear morphology (1). U1trastructurally, apoptotic nuclei show condensed chromatin abutting the nuclear membrane, with shrunken cytoplasm, crowded organelles, and convoluted cell surfaces (2) . These morphological features are coupled biochemically with cleavage of nuclear DNA into nucleosome levels, proven by electrophoresis as a DNA "ladder" pattern (3). The DNA fragmentation is known to be provoked by endogenous endonuclease activities (4).
The terminal deoxynucleotidyl transferase (TdT)-mediated deoxyuridine triphosphate (dUTF'tbiotin nick end-labeling ( " E L ) method ( 5 ) has been utilized to identify apoptotic cells at a singlecell level. The labeled dUTP molecules are added in sequence at the 3'-OH end of fragmented DNA through the action of TdT, which requires no template for nucleotide chain elongation. The TUNEL sequence labels the apoptotic cells in formalin-fixed, paraffinembedded sections of thymus and lymphoid organs. Epithelial cells at the tip of the villi of small intestine, surface columnar cells of colon, desquamating endometrial cells, follicular cells of ovary, and ' Correspondence to: Shinobu Umemura, MD, Dept. of Pathology, Tokai University School of Medicine, Bohseidai, Isehara, Kanagawa 269-1 1, Japan. tion) at 37°C for 45 min was less reliable. Compared with the conventional TUNEL sequence, the enhancement technique using mung bean nuclease enabled us to detect more apoptotic cells in human small intestine, colon, tonsil, thymus, endometrium, ovary, liver, kidney, and pancreas. The positivity was not affected by autolytic change. The mechanism of enhancement is discussed. (]Hisrochem Cytochem a few parenchymal cells in pancreas, liver, and kidney also show positive signals ( 5 ) . This histochemical technique has been applied to the morphological study of apoptosis in a variety of physiological and pathological conditions (6-10). However, we have encountered archival specimens in which the TUNEL method gives an equivocal or negative result in spite of the morphological appearance of apoptosis.
In the present study we attempted to enhance the TUNEL signals by pretreatment with single-stranded DNA digestion enzymes, S1 nuclease, and mung bean nuclease, since immunoperoxidase staining with an antibody to single-stranded DNA detected apoptotic cells in various tissues and organs (11) . The enhanced TUNEL method employing mung bean nuclease pretreatment is useful to detect apoptotic cells in archival paraffin sections reproducibly and reliably.
Materials and Methods
Tissue Samples. All tissue samples were fixed routinely in 10% formalin overnight at room temperature (RT) and embedded in paraffin to prepare 4-pm-thick sections. 3-Aminopropyltrimethoxysilane-coated glass slides (Matsunami Glass; Osaka, Japan) were used when a heating pretreatment was employed. The sections were deparaffinized in xylene, dehydrated through graded alcohols, and washed in freshly prepared deionized water (DW electric resistance >I8 Ma) obtained through Milli-Q equipment (Japan Millipore; Tokyo, Japan).
Protocol for Pretreatments. Sections were first incubated with 20 pg/ml proteinase K (Sigma; St Louis, MO) in 0.01 M PBS, pH 7.2, at RT for 15 min and then rinsed thoroughly in DW for at least 15 min. Two enzymes were employed to digest single-stranded DNA stretches in paraffin sections. These included S1 nuclease and mung bean nuclease (Life Technologies; Gaithersburg, MD). The appropriate enzyme concentration to cleave singlestranded proteins of DNA alone was determined as follows. Paraffin sections of small intestine, with or without heating at 1OO'C for 10 min. were prepared. After heating, DNA is randomly denatured into a single-stranded form, whereas the cells in the nonheated samples contain double-stranded DNA. Adequate conditions for digesting single-stranded DNA were determined by the following TUNEL sequence. A total of 50 pI of the enzyme solution was applied to the sections in a moist chamber at 37°C for 30,45, or 60 min. The enzymes were diluted by the respective buffer solutions supplied by the manufacturer. The activity of mung bean nuclease to be applied per section was chosen as follows: 40, 20, 10, and 5 U. For S1 nuclease, 265, 8.25, 2.5. 1.25, 0.25, and 0.125 U were incubated per section. DNA denaturation by heating was confirmed by applying a heatdenatured biotinylated total human DNA probe (Life Technologies) to obtain positive in situ hybridization signals in all the nuclei in sections.
Protocol for the TUNEL Method. The TUNEL method was performed for visualizing the 3'-OH ends of DNA fragments in apoptotic cells according to the protocol described by Gavrieli et al. (5) . The proteinase K-treated sections, with or without the following single-stranded DNA digestion step, were rinsed three times in DW for 15 min and then dipped in methanol containing 0.3% H202 at RT for 20 min to inhibit endogenous peroxidase activity. After DW rinsing for 15 min, the sections were soaked in the TdT buffer (30 mM Trizma base, pH 7.2, 140 mM sodium cacodylate, 1 mM cobalt chloride) for 10 min and then incubated at 37°C for 60 min in a moist chamber with 50 WI of the TdT buffer containing 8.3 U TdT (Boehringer Mannheim; Mannheim, Germany) and 0.83 nmol biotinylated . The reaction was stopped by soaking sections in 2 x SSC (300 mM sodium chloride, 30 mM sodium citrate), followed by rinsing in PBS at RT for 15 min. The biotinylated dUTP molecules incorporated into nuclear DNA were visualized by incubation with horseradish peroxidase-conjugated streptavidin (Dako; Glostrup, Denmark) diluted 1:lOO at RT for 30 min. After further rinsing in PBS for 15 min, the peroxidase coloring reaction was performed by immersing sections for 10 min in 0.05 M Tris-HCI buffer, pH 7.6, containing 30 mg/dl diaminobenzidine tetrahydrochloride, 65 mgldl sodium azide, 10 mM imidazole, and 0.003% H202. The nuclei were counterstained with 5% methyl green buffered with 0.1 M veronal acetate, pH 4.0.
Application of the Enhanced TUNEL Method to Various Tissues and Organs. The following normal tissues and organs, obtained by surgical resection or biopsy, were examined: small intestine, colon, palatine tonsil, thymus, endometrium. ovary, liver, kidney, pancreas, and lung. Positivity was compared between the original TUNEL method and the enhanced TUNEL sequence. In the respective organs. the number of labeled cells in certain microscopic fields (see footnote to Table 1 ) were counted and statistically analyzed by the Mann-Whitney test.
Effect of RNAse Treatment on the TUNEL and Enhanced TUNEL Methods. To rule out a false-positive reaction due to digestion of RNA by the single-stranded DNA digestion enzymes, RNAse pretreatment was performed in paraffin sections of small intestine before the TUNEL and enhanced TUNEL methods. RNAse A (Sigma) dissolved in PBS at a concentration of 0.1 mglml was incubated at 37°C for 30 min. The effective action of RNAse was confirmed by complete elimination of prolactin mRNA signals in situ in paraffin sections of normal rat pituitary gland. An oligonucleotide probe (21-mer) for rat prolactin mRNA was synthesized and terminally biotinylated using a labeling kit from Enzo Diagnostics (Syosset, NY), according to a report by Lloyd et al. (12) .
Immunohistochemistry for Single-stranded DNA. The specificity of a polyclonal rabbit antibody against single-stranded DNA was described earlier (13). Briefly, single-stranded DNA stretches 3-4 bases long or longer are detectable by this antibody, with strong reactivity demonstrated against single-stranded DNA of 5-6 bases long or longer. It has been shown with a study using synthetic homopolymers that the antibody is reactive with pyrimidine polynucleotides, such as poly dT and poly dC, but is unreactive with purine polynucleotides, such as poly dA and poly dG (unpublished observation). The paraffin sections were stained by the indirect immunoperoxidase method. The primary antibody and a negative-control normal rabbit serum were diluted at 1:400. A horseradish peroxidase-labeled secondary antibody to rabbit immunoglobulins (Amersham International; Poole, UK) was diluted at 1:lOO. Time of incubation with the antibody and PBS rinse was 30 min each. The peroxidase coloring reaction and methyl green counterstaining followed.
To demonstrate phagocytosis of single-stranded DNA-immunoreactive apoptotic bodies by macrophages, consecutive paraffin sections of colon and tonsil were immunostained for single-stranded DNA and CD68 using an anti-human macrophage monoclonal antibody (clone KP1; Dako).
To evaluate the effect of single-stranded DNA digestion on immunohistochemical staining for single-stranded DNA, immunoreactive signals in consecutive paraffin sections of the colon (eight samples) and tonsil (five samples) were counted before and after enzyme treatment. When comparcd with the conventional TUNEL sequence. the numbcr of labeled cells is significantly low by Mann-Whitney test (***p<O.Ol).
.. ,A I -.. ,:. Effm of Tissue Handling. To determine the effect of the time lag from sampling of fresh tissues to fixation on DNA denaturation and on TUNEL positivity, noncancerous colon mucosa taken from a colectomy specimen was used. Before overnight formalin fixation, pieces of the resected colon mucosa were left at 4°C or at RT for 0. 1, 3, or 5 hr. From the unfixed specimens. DNA was extracted to examine DNA fragmentation by electrophoresis using ethidium bromide. For the paraffin-embedded specimens, the TUNEL method, with or without enhancement and immunohistochemistry for single-stranded DNA, was performed.
Results

SingLe-stranded D N A in Apoptotic Cehs and Bodies
The antibody to single-stranded DNA specifically bound to apoptotic cells and apoptotic bodies in the tip of the villi of small intestine, the surface columnar epithelium of colon mucosa, and macrophages in the stroma, tonsillar germinal center ( Figure I) , and thymic cortex. Immunostaining using the control serum was negative. Serial sectioning analyses disclosed that single-stranded DNA immunoreactivity in the lamina propria of the colon and in the tonsillar germinal center was identified consistently in the cytoplasm of CD68-positive macrophages (Figure 1, insets) . Although focal binding of the antibody to some nonapoptotic nuclei was infrequently encountered in poorly fixed parenchymal ogans, such as liver and pancreas, it was generally agreed that the apoptotic nuclei contained a considerable amount of single-stranded DNA.
Pretreatment by SingLe-stranded D N A Digestion Enzymes
For S1 nuclease. 0.25 U/50 plkection was regarded as adequate to digest solely single-stranded DNA in paraffin sections of small intestine. Under this condition. all the nuclei in the heated sections were consistently labeled by the present TUNEL method, whereas no nuclei were stained in the unheated sections except for a few apoptotic bodies. When sections were pretreated with S1 nuclease >2.5 Ul50 plkection, the nuclei in the unheated sections were labeled diffusely. The appropriate incubation time at 37°C was 45 min. For mung bean nuclease, the appropriate preincubation condition was 5 U150 pllsection at 37°C for 30 min (Figure 2 ).
Comparison Between the OriginaL TUNEL Method and TUNEL .4$er Single-stranded D N A Digestion
Under the conditions determined above, paraffin sections of human small intestine, colon, tonsil. thymus, endometrium, ovary, liver, kidney, pancreas, and lung were examined. In small intestine, apoptotic cells and bodies located at the villous tip were demonstrated both among the epithelium and in the cytoplasm of macrophages in the subepithelial stroma. Compared with the conventional TUNEL method, pretreatment with 5 U mung bean nuclease evidently enhanced both the number and intensity of positive signals. Cells immunoreactive with the single-stranded DNA antibody showed a similar distribution. Occasionally the cytoplasm of the epithelial cells at the villous tip was labeled diffusely by the enhanced TUNEL sequence, whereas the labeling was weak or equivocal with the conventional TUNEL method. Fragments of apoptotic bodies were often observed in such labeled cytoplasm (Figure 2a . inset). Pretreatment with mung bean nuclease appeared to be more effective than with 0.25 U S1 nuclease, which occasionally led to overlabeling in most nuclei in sections. The RNAse pretreatment revealed no effect on labeling by the TUNEL and enhanced TUNEL methods. Cytoplasmic staining in the villous epithelium was observed even after RNAse digestion.
The enhancement effect of the single-stranded DNA digestion enzymes was further demonstrated in the colon (Figure 3) . In addition to some of the surface epithelial cells and subepithelial macrophages, the enhanced TUNEL method detected apoptotic nuclei among epithelial cells in the crypt (Figure 3b . inset), which were infrequently detected by the conventional TUNEL sequence. In colon, the SI nuclease and the mung bean nuclease pretreatment were almost equally effective. In tonsil. the number of apoptotic cells and bodies identified by the TUNEL sequence was also increased after pretreatment with mung bean nuclease, but no effect was observed after S1 nuclease treatment. Fewer cells were immunoreactive for single-stranded DNA than those labeled with the TUNEL sequence.
In thymus, endometrium, and ovary (lymphocytes in the thymic cortex, desquamating epithelial and stromal cells in the endometrium, and involuting follicular cells in the cycling ovary), mung bean nuclease pretreatment effectively increased the numbers of TUNEL-labeled nuclei. S1 nuclease pretreatment was effective in the ovary, not effective in the thymus, and inversely suppressive for detecting the positive signals in the endometrium. In liver, kidney, and pancreas, the mung bean nuclease-TUNEL sequence demonstrated dispersed labeled cells in the parenchyma, whereas the conventional TUNEL method infrequently identified these cells. Enhancement was particularly evident in the pancreas. SI nuclease gave weaker effects. Single-stranded DNA-immunoreactive cells were fewer than the TUNEL-positive cells in these tissues and organs, except for the pancreas.
In kidney and pancreas, apoptotic bodies were often seen in the cytoplasm of the epithelial cells (proximal renal tubule cells and acinar and duct cells, respectively), whereas in liver the bodies were observed mainly in the cytoplasm of Kupffer's cells (Figure  4) . No labeled cells were observed in the lung even after enhancement.
The results of comparative counting in the respective organs are summarized in Table 1 . In all the tissues and organs examined, positive signals increased in number and strength after mung bean nuclease treatment. Statistical significance was detected in colon and pancreas (p<O.Ol) as well as in tonsil, endometrium, and ovary (p<0.05). The) value in small intestine was 0.058. The SI nuclease treatment also significantly increased the number of labeled cells in colon (p<O.Ol) and in small intestine, ovary, and pancreas , Figure 3 . Enhancement of TUNEL signals by mung bean nuclease pretreatment in consecutive paraffin sections of the colon and palatine tonsil. Compare the  results (a,c) before and (b,d) after enzyme pretreatment. In both organs, more apoptotic cells and bodies are clearly labeled by the TUNEL method after enzyme pretreatment (5 U150 pllsection). In the colon (a,b) , positive signals are seen among the superficial columnar epithelial cells and in the cytoplasm of macrophages located in the subepithelial stroma. A few crypt cells are also labeled, particularly after the enhancement (Inset). In the germinal center of the tonsil (c,d) , apoptotic bodies in tingible body macrophages are positively decorated. Arrows indicate the same macrophages. Original magnification x 300; Inset x 600. Bars = 30 pm: inset = 10 wm (p<0.05). However, the latter enzyme gave no effect in tonsil, thymus, liver, and kidney, and an inverse "negative" effect was observed in the endometrium.
Effect of Single-stranded DNA Digestion on Immunohistochemistry for Single-stranded DNA
Comparative immunohistochemical staining for single-stranded DNA was performed with or without pretreatment using singlestranded DNA digestion enzymes. The enzyme digestion did not significantly influence the immunohistochemical demonstration of single-stranded DNA. In colon mucosa, the number of labeled cells was 35.0 t 14.7/cm mucosal length in the control specimen. After the treatment of mung bean nuclease and S1 nuclease the numbers were 29.0 t 14.9 and 47.0 2 30.5/cm mucosal length, respectively. In tonsil, the numbers before and after treatment with the two enzymes were 37.6 r 25.2. 33.0 t 25.5, and 33.0 2 26.3Igerminal center, respectively.
Effect of Tzssue Handling Before Fimtion
To determine if a false-positive reaction could be induced artificially by inappropriate tissue handling, the fresh normal colon tissue was left at 4°C or at RT for up to 5 hr before formalin fixation. Morphological deterioration was not as severe during the period examined. Mild sloughing of surface epithelial cells was seen when the specimen was left at RT for 3 hr or longer. During the period of 5 hr tested, the extracted tissue DNA samples failed to show autolysis-induced smearing or ladder formation by electrophoresis. There was no significant change in the number of positive signals either by the TUNEL sequence with or without pretreatment with single-stranded DNA digestion or by immunostaining for single-stranded DNA (data not shown).
Discussion
DNA fragmentation in apoptotic cells represents an active breakdown of the supercoiled DNA organization by endogenous endonucleases (4). Tomei (14) speculated that single-stranded DNA modification in the nucleosomal linker region might constitute a critical early step in apoptosis. Irradiation and aging cause an increase in the number of single-stranded DNA stretches (15) . The formation of apurinic or apyrimidinic sites, inducing single-strand modification of the DNA chain, is closely associated with the mutagenic activity of a variety of DNA-damaging agents (16.17) . Recently, an antibody against single-stranded DNA was developed to detect apoptotic cells secondary to programmed cell death and druginduced apoptosis in tissue sections (11). These findings strongly suggest the presence of single-stranded DNA stretches in the apoptotic nuclei. In fact, in situ nick translation histochemistry, incubating biotinylated nucleotides and DNA polymerase I on proteinase K-treated paraffin sections to detect nicks and gaps in the DNA chain, demonstrates apoptotic cells (8, 18, 19) . However, Arends et al. (20) suggested, by showing the lack of further digestion of nu-cleosomes of apoptotic cells by SI nuclease, that fragmented DNA in apoptotic nuclei should contain no detectable levels of singlestranded nicks or gaps. S1 nuclease and mung bean nuclease are enzymes known to digest single-stranded DNA. The mode of action on DNA differs somewhat between these two enzymes. S1 nuclease is an endonuclease that hydrolyzes single-stranded DNA or RNA, including the sites of DNA loops, gaps, or single base nicks (21) . It digests double-stranded DNA in the presence of excess molecules. Mung bean nuclease also digests single-stranded DNA or RNA. However, unlike S1 nuclease, it does not cleave the site opposite to the nick (22) . Single-stranded overhangs of DNA can be a substrate for these enzymes. When appropriately used, the enzymes may increase the 3'-OH end of DNA in the apoptotic nuclei to provide TdT with a specific acting site. When the single-stranded DNA stretches are rich in apoptotic cells, pretreatment with the single-stranded DNA digestion enzymes should contribute to enhanced positivity in the TUNEL sequence. The fact that cells immunoreactive for singlestranded DNA were generally fewer than the TUNEL-labeled cells may be related to the difference in sensitivity of detection. The anti body requires pyrimidine homopolymer-type single-stranded DNA stretches of at least 3 bases to give positive signals, whereas there is no such limitation in the TUNEL method.
As an enhancing reagent, mung bean nuclease was superior to S1 nuclease. The latter enzyme was relatively difficult for obtaining reproducibility. Not infrequently, the effects were stronger or weaker than expected, or even a negative effect was observed. This may be due to the fact that S1 nuclease can digest double-stranded DNA when the concentration is high or that its activity is easily inhibited by phosphate buffer that may remain in sections. An-other reason for the superiority of mung bean nuclease may relate to its specificity. Unlike S1 nuclease, mung bean nuclease cleaves overhanging bases immediately adjacent to the last hybridized pair without removing any of the base-paired nucleotides, to give precisely generated blunt ends (22) .
The specificity of the enhancement was supported by the consistent morphological appearance of positive signals in apoptotic cells and bodies in a variety of tissue sections. RNAse predigestion did not affect the " E L and enhanced " E L labeling. The lack of nonspecific nuclear labeling with the anti-single-stranded DNA antibody after treatment by single-stranded DNA digestion indicates that the conditions used were appropriate for specifically cleaving single-stranded DNA.
The single-stranded DNA digestion enzymes convert recessed 3'-termini of fragmented DNA into blunt ends, on which TdT works as acceptors more efficiently than on the recessed 3'-terminals. The digestion enzymes also convert protruding 3'-terminals into blunt ends, which should in theory reduce the ability of 3'-end-labeling by TdT. It is reasonable to assume that the single-stranded overhangs, the substrate for the enzymes, are not completely digested to the nucleotide level. Instead, the cut-out stretches may remain in the nucleus to serve as acceptors of the 3'-OH end in TdTmediated chain elongation. This assumption is supported by the finding that treatment by mung bean nuclease or S1 nuclease did not significantly alter the antigenicity of single-stranded DNA in the immunohistochemical approach.
It has been shown that the autolytic process may induce DNA fragmentation (23) and that cells in necrosis or ischemia are positively labeled by the TUNEL method (10). This is why we examined the effect of tissue handling before fixation. Even after entymatic enhancement, no significant artificial false-positivity was observed during the 5-hr period tested. Most of the human surgical specimens were immersed in the fixative within a few hours. The applicability of the present sequence to the pancreas, one of the nuclease-rich organs, further supports its reliability. This is therefore important information for researchers who use human samples to investigate DNA fragmentation in situ.
By applying the mung bean nuclease-enhanced TUNEL method, apoptotic cells or bodies in paraffin sections were sensitively identified, although it still remains to be determined if all apoptotic cells are detectable. One intriguing finding was the mode of human epithelial cell loss at the villous tip of small intestine and on the colon mucosal surface, where the columnar epithelial cells become apoptotic. Iwanaga et al. (24, 25) clearly demonstrated two different types of cell turnover at these locations. In guinea pig, apoptotic intestinal epithelial cells are phagocytized by macrophages located in the subepithelial stroma, whereas in rat and mouse the apoptotic cells are expelled into the intestinal lumen. Our present observations of human small intestine and colon using the enhanced TUNEL sequence disclosed that, on the superficial mucosal layer, a considerable number of apoptotic bodies were observed not only among epithelial cells but also within the cytoplasm of macrophages. It is strongly suggested that the mode of cell loss in the human gut is of the guinea pig type.
The apoptotic process in slowly renewing organs such as the liver, kidney, and pancreas is supposed to be indolent, and it therefore is rather difficult to identlfy the apoptotic bodies in a normal state.
The enhanced TUNEL sequence, however, enabled us to detect the apoptotic cells more exactly and reproducibly than the original technique. It is noteworthy that apoptotic bodies were seen in the cytoplasm of epithelial cells in the kidney and pancreas, whereas they were located in phagocytic Kupffer's cells in the liver. Further studies are required to clarify the mode of cell turnover in these parenchymal organs under the normal and pathological conditions.
